Ig Synthesis and Class Switching Do Not Require the Presence of the hs4 Enhancer in the 3 IgH Regulatory Region 1
Christelle Vincent-Fabert, 2 Véronique Truffinet, 2 Remi Fiancette, Nadine Cogné, Michel Cogné, and Yves Denizot 3 Several studies have reported that regulatory elements located 3 of the IgH locus (namely hs3a, hs1,2, hs3b, and hs4) might play a role during class switch recombination (CSR) and Ig synthesis. While individual deletion of hs3a or hs1,2 had no effect, pairwise deletion of hs3b (an inverted copy of hs3a) and hs4 markedly affected CSR and Ig expression. Among these two elements, hs4 was tentatively presented with the master role due to its unique status within the 3 regulatory region: distal position outside repeated regions, early activation in pre-B cells, strong activity throughout B cell ontogeny. To clarify its role, we generated mice with a clean deletion of the hs4 after replacement with a floxed neo R cassette. Surprisingly, and as for previous deletion of hs3a or hs1,2, deletion of hs4 did not affect either in vivo CSR or the secretion level of any Ig isotype. In vitro CSR and Ig secretion in response to LPS and cytokines was not affected either. The only noticeable effects of the hs4 deletion were a decrease in the number of B splenocytes and a decreased membrane IgM expression. A complex interplay of multiple regulatory elements is responsible for the tissue-specific and stage-specific regulation of both transcription and rearrangement of the IgH locus. Germline transcription of C, initiation of DJ and VDJ rearrangement, expression of rearranged genes, and opening of the S region to class switch recombination (CSR) 4 mainly rely on upstream regulatory elements such as V H promoters and the E intronic enhancers (1, 2) . In addition to upstream elements, a 3Ј regulatory region (3ЈRR) located downstream the locus has been shown to include four lymphoid-specific transcriptional enhancers: hs3a, hs1,2, hs3b, and hs4 (3) . A region of open chromatin containing numerous CTCF sites is found 3Ј of hs4 and upstream of the non-B specific gene hole, thus marking the 3Ј terminus of the IgH locus (4) . The hs4 distal element is active from the pre-B cell stage and throughout B cell ontogeny (5) . A larger region with a global "palindromic" structure encompassing the hs1,2 central enhancer flanked by inverted repeats including hs3a and hs3b elements is active at late B cell stages (6) . Altogether, the four elements constitute a potent locus control region conferring positionindependent and copy-dependent expression to transgenes (7) .
Studies with cell lines have suggested a role of the 3ЈRR on Ig transcription. Thus, loss of the 3Ј IgH enhancers occurred concomitantly with a dramatic decrease of Ig transcription in the LP1.2 IgA-secreting cell line (5, 8) . Disruption of the 3ЈRR in the 9921 cell line (which had an endogenous deletion of the E element) by inserting the neo R gene into hs1,2 abrogated IgH transcription (9) . Transgenic mice bearing a bacterial artificial chromosome that included a rearranged VDJ gene and the 3ЈRR showed that the 3Ј end of the IgH locus enhanced germline transcription and switch recombination to the four ␥ genes (10). Finally, studies with IgH minilocus have highlighted the role of the hs3b/hs4 pair in sustaining IgH gene transcription in 9921 cells (11) . To elucidate the function of 3Ј IgH enhancers, mice with genomic mutations were generated. Class switching and Ig synthesis were normal in mice lacking hs3a or hs1,2 (12) . In contrast, joint deletion of the last two 3Ј enhancer hs3b and hs4 severely impaired germline transcription and class switching to most isotypes in mice (13) . Whether these effects were due to the deletion of hs3b alone, to hs4 alone, or to both regulatory elements remained an open question. Three potent arguments argued for a role mostly carried by hs4. First, knockout deletion of hs3a (which shares 98% of sequence similarity with hs3b) had no effect on class switching and Ig synthesis (12) . Second, hs3b is absent in other species than the mouse, so that humans could be considered as carrying a natural knockout of hs3b (14, 15) . Third, the hs4 enhancer was associated with active chromatin (demethylated DNA and acetylated histone H3 and H4) from pro-B cells to plasma cells, while hs3b has become associated with activated chromatin markers later in B cell differentiation (B cell and plasma cell stages) (4, 16) . In the present study, we have tested the hypothesis that hs4 is of importance for CSR and Ig production. For this purpose we therefore undertook gene targeting experiments where hs4 was either replaced with a thymidine kinase (Tk)-neo R cassette or deleted by the cre/loxP system. Replacement of hs4 by Neo or the clean deletion of hs4 from the 3ЈRR gave the surprising result that Ig synthesis and CSR were not affected as compared with wild-type (wt) animals. We conclude that the suggested role of hs4 in driving CSR and/or Ig gene transcription can be largely supplanted in vivo by the activity of the remaining 3Ј IgH enhancers or other elements within the IgH locus.
Materials and Methods

Vector construction, transfection, and embryonic stem (ES) cell screening
The studies have been reviewed and approved by Centre National de la Recherche Scientifique and the Université de Limoges review committee. The hs4 targeting construct was similar to the one previously used for the joint deletion of hs3b and hs4 (13) . The 3Ј arm was the same while the 5Ј arm was slightly longer to include hs3b and to generate an additional EcoR1 site facilitating the screening of recombinant clones. A neomycin resistance gene (neo R ) flanked by loxP sites was stuck in between the 5Ј and 3Ј arm. At the 5Ј end, a phosphoglucokinase promoter-herpes simplex virus thymidine kinase gene (Tk) was included to permit negative selection against random integration. Cells of the ES cell line E14 were transfected with linearized vector by electroporation and selected using 300 g/ml geneticin and 2 g/ml gancyclovir. The ES cell line E14 was derived from the inbred mouse strain 129 (17) . Southern blot analysis with two probes 5Ј and 3Ј of the construct-identified recombinants. An ES clone showing homologous recombination of hs4 was injected into C57BL/6 blastocysts, and the resulting chimeras were mated with C57BL/6 animals. Germline transmission in heterozygous and homozygous mutant mice was checked by Southern blot. In parallel, mutant mice were mated with cre transgenic mice. The progeny was checked by PCR for the occurrence of a cre-mediated deletion.
Southern blot analysis
Genomic DNA was extracted from ES cell clones and mouse progeny. DNA was digested with EcoRI loaded on 0.7% agarose gels and transferred on nylon sheets (Amersham Biosciences). Southern blot analysis with two probes (5Ј and 3Ј) of the construct identified recombinants (a 9.7-kb band and 8.2-kb band for the neo replacement with 5Ј probe and 3Ј probe, respectively). An hs4 probe was also used to confirm hs4 deletion in transgenic animals.
PCR analysis of hs4 and cre-mediated deletion
PCR experiments for hs4 were conducted with specific sense 5Ј-CCAAAAATGGCCAGG CCTAGG-3Ј and anti-sense 5Ј-AGGTCTACA CAGGGGCTCTG-3Ј primers. DNA was denatured 180 s at 94°C, and then submitted to 30 cycles consisting of 94°C for 30 s, 61°C for 45 s, and 72°C for 60 s. Amplification products were analyzed on a 1.2% agarose gel. Expected size of amplificated product was 602 bp. PCR experiments for cre-mediated deletion were conducted with specific sense 5Ј-GGAT GATCTGGACGAAGAGCAT-3Ј and anti-sense 5Ј-TCCCCTCAGAA GAACTCGTCAA-3Ј primers located in the neo gene. DNA was denatured 180 s at 94°C, and then submitted to 30 cycles consisting of 94°C for 30 s, 55°C for 45 s, and 72°C for 60 s. Amplification products were analyzed on a 0.7% agarose gel. Expected size of amplificated product was 336 bp.
Blood sampling
Blood samples were recovered from transgenic mice and wt controls with heparinized needles. Ten-week-old animals were used. Plasma samples were recovered by centrifugation and stored at Ϫ20°C until used.
Flow cytometry analysis
Single-cell suspensions from spleen and bone marrow were labeled with various Abs conjugated with Spectral Red (PC5), PE, and PE-Cy7 (PC7) (SouthernBiotech): anti-B220-PC5, anti-B220-PC7, anti-CD19-PE, anti-CD117-PE, anti CD25-PE, anti-IgM-PE, anti-CD138-PE, anti CD4-PE, anti-CD8-PC5, and anti-CD11b-PE for bone marrow cells; anti-B220-PC5, anti-CD19-PE, anti-IgM-PE, anti-IgD-PE, anti-CD138-PE, anti CD4-PE, anti-CD8-PC5, anti-CD23-PC7, anti-CD21-PE, and anti-CD11b-PE for splenocytes. Control experiments included irrelevant isotype-matched Abs conjugated with PC5, PC7, or PE. Cells were analyzed on a Coulter XL apparatus (Beckman Coulter).
Apoptosis assay
Freshly isolated splenocytes (1 ϫ 10 6 cells/ml) were cultured in growth medium in 24-well plates. Immediately after isolation and after 24, 48, and 72 h of growth, cells were incubated for 15 min at 4°C with 7-aminoactinomycin D and FITC-labeled annexin V Abs (BD Biosciences) and analyzed by flow cytometry. In a separate set of experiments, splenocytes were treated 24 h with various concentration of etoposide before staining with 7-aminoactinomycin D and annexin V Abs.
Proliferation assay
Splenic B cells (2 ϫ 10 5 cells/well) were cultured (in sextuplicates) in 96-well plates, either alone or in the presence of 20 g/ml LPS from Salmonella typhimurium, 5 g/ml anti-CD40, or 20 g/ml anti-IgM for 72 h. The number of viable cells in proliferation was assessed using the CellTiter 96 One Solution cell proliferation assay (Promega) according to the manufacturer's recommendations.
Spleen cell cultures for Ig production
Single-cell suspensions of spleen cells were cultured 5 days at 1 ϫ 10 6 cells/ml in RPMI 1640 with 10% FCS and 40 g/ml LPS, with or without addition of cytokines: 20 ng/ml IL-4, 2 ng/ml TGF-␤, or 2 ng/ml IFN-␥ (PeproTech). Supernatants were then harvested and stored at Ϫ20°C until Ig evaluations. In parallel experiments, 4-day in vitro-stimulated splenocytes were washed in PBS and stained with various Abs: anti-B220-PC5 and anti-Ig subclasses conjugated with FITC. Cells were analyzed on a Coulter XL apparatus (Beckman Coulter).
ELISA assays
Culture supernatants and sera from transgenic and wt mice were analyzed for the presence of the various Ig classes (IgM, IgG1, IgG2b, IgG2b, IgG3, IgE, and IgA) by ELISA as previously described (13) .
Immunization and Ab determinations
For immunization experiments, batches of 8-wk-old mice were used (five ⌬/⌬ mice and five wt mice). The first immunization was performed with 50 g of chicken OVA per animal in 50% CFA, and a second immunization was realized 13 days later with the same amount of Ag in 50% IFA. Immunized mice were eye-bled at various intervals during the immunization protocol, and sera were analyzed for the presence of OVAspecific IgM and IgG1 by ELISA. In a second set of experiments, immunization was performed with 50 g of DNP-Ficoll per animal in IFA followed by the same injection 13 days later. Animal sera were analyzed for the presence of DNP-specific IgM and IgG3 by ELISA. ELISA assays were performed as previously described (18) . The positive control consisted of a pool of sera from OVA-or DNP-Ficoll immunized wt mice; the same control serum was used in all ELISA assays. Dilution of the control serum allowed drawing a titration curve. A 1/100 to 1/2700 dilution of each serum was compared with the titration curve obtained on the same multiwell plate, which allowed the quantification of OVA-specific Abs in arbitrary units.
Results
Replacement and deletion of the hs4 enhancer within the 3Ј IgH locus control region (LCR) in ES cells and generation of mutant mice
A gene-targeting vector was constructed to replace the genomic fragment encompassing hs4 with a loxP/neo R gene cassette (Fig.  1) . Southern blotting and hybridization with two flanking probes located outside of the construct allowed the selection of 2 out of 2500 clones, which gave hybridizing fragments of the sizes expected for the Nhs4 mutation (N), that is, replacement of hs4 with the neo gene ( Fig. 2A) . Mutant ES clones allowed the derivation of two homozygous lines of Nhs4 (N/N) and ⌬hs4 (⌬/⌬) mutant animals (⌬ refers to the cre deletion of the neo gene) (Fig. 1) . Representative Southern blots of wt/wt, N/wt, and N/N animals obtained with 5Ј and 3Ј probes are reported in Fig. 2B . A representative Southern blot of wt/wt and N/N animals obtained with an hs4 probe is reported in Fig. 2B , right. A representative neo gene PCR experiment of wt/wt, N/wt, N/N, wt/⌬, and ⌬/⌬ animals is reported in Fig. 2C, left. Finally, an hs4 PCR experiment confirmed the absence of hs4 in N/N and ⌬/⌬ mice (Fig. 2C, right) .
B cells and lymphoid tissue development in mice carrying a homozygous deletion of the hs4 element
A decrease of cell counts was found in bone marrow of hs4-deficient mice as compared with wt mice (Table I) . However, percentages of B cells (B220 ϩ CD19 ϩ ), T cells (CD4 ϩ and CD8 ϩ ), and monocytes/macrophages (CD11b ϩ ) in bone marrow were similar (Fig. 3A) . Percentages of pro-B cells (B220
, and recirculating B cells (B220 ϩ IgD ϩ ) were also similar (Table I) . Flow cytometry analysis revealed a reproducibly decreased surface IgM expression on bone marrow B220 ϩ cells when ⌬/⌬ mutants were compared with wt (Fig. 3B) . Mean (ϮSEM) IgM fluorescence intensity of IgM ϩ cells decreased ( p Ͻ 0.01, Mann-Whitney U test) from 6.5 Ϯ 0.4 to 4.3 Ϯ 0.3 for eight wt and seven ⌬/⌬ animals. The total cell number was similar in spleen of hs4-deficient mice as compared with wt mice (Table I) . In contrast to bone marrow, the percentage of B cells (B220 ϩ CD19 ϩ ) was significantly ( p ϭ 0.02, Mann-Whitney U test) reduced in the spleen of ⌬/⌬ animals as compared with wt animals (Fig. 3C and Table I ). Similar percentages of follicular B cells (B220 ϩ CD23 ϩ CD21 Ϫ ) were found in spleen of ⌬/⌬ mice (90.0 Ϯ 1.0%, n ϭ 4) and wt animals (91.1 Ϯ 1.5%, n ϭ 8). Identical percentages of marginal zone B cells (B220 ϩ CD21 ϩ ) were found in spleen of ⌬/⌬ mice (9.9 Ϯ 1.0%, n ϭ 4) and wt animals (8.8 Ϯ 1.5%, n ϭ 8). The percentages of B220
ϩ IgM Ϫ cells in spleen of wt and ⌬/⌬ mice were 12.7 Ϯ 0.1% and 21.15 Ϯ 2.1%, respectively, with these percentage being significantly different ( p ϭ 0.008, Mann-Whitney U test). Although not drastic, a reproducibly decreased surface IgM expression was found on B220 ϩ splenocytes from ⌬/⌬ mutants (mean fluorescence intensity of 3.8 Ϯ 0.3) by comparison to wt (mean fluorescence intensity of 5.7 Ϯ 0.2) (Fig. 3D, left) . The percentages of B220
ϩ IgM ϩ and B220 ϩ IgD ϩ cells were reduced in the spleen of ⌬/⌬ mice as compared with wt animals (Table I ). Surface IgD expression was not significantly different on B220 ϩ splenocytes from ⌬/⌬ mutants (mean fluorescence intensity of 6.6 Ϯ 0.6) as compared with wt mice (mean fluorescence intensity of 8.2 Ϯ 0.7). Finally, blood cell counts were similar in hs4-deficient mice and wt animals ( Table I) . Percentages of B220 ϩ , B220 ϩ IgM ϩ , and B220
ϩ IgD ϩ cells were not affected (Table I) . The spontaneous or etoposide-stimulated apoptotic process in B cells of ⌬/⌬ mice and wt animals was similar, indicating that the lower amounts of B cells in spleen of ⌬/⌬ mice was not related to a higher apoptotic rate (data not shown). The proliferation of splenic B cells of ⌬/⌬ mice in response to bacterial LPS (20 g/ ml) and anti-CD40 (5 g/ml) was not altered as compared with those of wt animals. In contrast, their proliferation was reduced by 20% in response to 20 g/ml anti-IgM (Fig. 3D, right) .
Ig synthesis and CSR in mice carrying a homozygous deletion of the hs4 element
In a first set of experiments we investigated Ig production in vivo. As shown in Fig. 4 , ⌬/⌬ mice and their littermates had similar levels of serum IgM, IgG1, IgG2a, IgG2b, IgG3, IgE, and IgA. To determine whether hs4 deletion affects CSR, Ig production was then assessed in vitro through stimulation of splenocytes with LPS and/or cytokines. ϩ cells. One representative experiment out of seven is shown. Right, B splenocytes from wt (white histograms) and hs4-deficient mice (gray histograms) were grown for 3 days alone or with LPS (20 g/ml), anti-CD40 (5 g/ml), or anti-IgM (20 g/ml). Mean Ϯ SEM of six experiments in sextuplicates. ‫,ء‬ p Ͻ 0.01 as compared with wt animals (Mann-Whitney U test). response to LPS and/or cytokines. As shown in Table II 
Homozygous hs4 knockout mice display efficient Ag-specific primary and secondary responses
hs4-Deficient mice showed germinal centers of normal size, normal serum Ig levels, and no class-switching defect. Additionally, B cells from these mice did not display any general activation defect when stimulated with a polyclonal activator such as LPS. It was questionable whether these cells were also able to produce highaffinity Abs when challenged with specific Ags. hs4-Deficient mice were thus specifically immunized with OVA or DNP and assayed for the levels and kinetics of their humoral responses. IgM class Abs (both against OVA and DNP) were raised with a normal kinetics and titers by comparison with those of wt mice (Fig. 6, A  and C) . Specific anti-OVA IgG1 (Fig. 6B ) and specific anti-DNP IgG3 (Fig. 6D) were produced with a normal kinetic and raised levels at least equal to those in wt mice. Thus, B cell activation by a specific Ag is not compromised in hs4 knockout mice.
Discussion
The 3ЈRR is a complex structure containing four transcriptional activators still in search of a clear function. The 5Ј part of this structure consists in a large region of 25 kb. Its global "palindromic" structure encompasses the hs1,2 central enhancer flanked with inverted repeats, which (in mice) include the hs3a and hs3b elements. The hs4 element lies 2 kb after the end of the palindromic region, giving it a singular status as compared with hs3a, hs1,2, and hs3b. Besides its particular position, recent results also demonstrated unique functional properties: hs4 is associated with active chromatin not only in B cells and plasma cells, as for hs3a, hs1,2, and hs3b, but also in early pro-B and pre-B cells (4). The vast majority of studies investigating the role of the 3ЈRR in Ig synthesis have been made with B cell lines or transgenic mice bearing a previously rearranged VDJ gene. Only a few studies have investigated the effect of the direct disruption of 3Ј IgH enhancers. Insertion of a promoter/neo R gene cassette into hs3a or hs1,2 had severe effects on several isotypes (12) . However, these effects merely resulted from the neo cassette insertion, since "clean" deletion of hs3a or hs1,2 with the cre-loxP system did not alter expression of any H chain isotype (12) . Beyond so-called "neo effects", only the "clean" deletion of a large fragment encompassing the last two 3Ј enhancer of hs3b and hs4 severely impaired germline transcription and class switching to most isotypes in transgenic mice (13) . In the present study, results obtained with mice bearing a clean deletion of only the hs4 element led to the conclusion that hs4 is not required for CSR and Ig synthesis. Thus, hs4-deficient mice had serum levels of IgM, IgG1, IgG2a, IgG2b, IgG3, IgE, and IgA similar to wt littermates. In vitro class switching and membrane Ig expression in response to LPS and/or cytokines of B cells were similar in hs4-deficient mice and wt animals. Finally, the in vitro capacity to secrete various Ig isotypes was unaffected by the knockout. The fact that hs4 was not required for Ig secretion is in agreement with the recent study of Zhang et al. (19) , who reported, using various bacterial artificial chromosomes and the plasmocytoma cell line 9921, that transcription of a productively rearranged Ig VDJC␣ does not require the presence of hs4 in the 3ЈRR.
Surprisingly, deletion of hs4 has no evident effect on CSR and Ig synthesis. These results markedly differ from those reported for the joint hs3b and hs4 deletion, where CSR and Ig production were severely impaired (13) . A predominant role for hs3b in this later study is difficult to support since deletion of the hs3a element (which shares 98% of homology with hs3a) has no effect (12) . As previously suggested (12, 19) , this finding might reflect extensive functional redundancy among these elements (in cooperation or not with other elements in the locus). Deletion of only one of the four 3Ј IgH enhancers can be easily supplanted by the activity of the three remaining enhancers, with deletion of a pair of them becoming more problematic for the cell.
The phenotype observed in hs4-deficient animals was marked by an apparent normal B cell differentiation in the bone marrow, by a normal proliferation in response to LPS or anti-CD40, by a slightly impaired proliferation in response to anti-IgM, by a slight decrease of the B cell number in spleen, and by a decreased expression of IgM on resting B lymphocytes. This latter phenomenon is of great interest since it was already found in the dual hs3b-hs4-deficient mice (13) . This observation suggests that hs4 might interact with E in regulating expression in resting B cells. Recently, the chromosome conformation capture technique has revealed physical interactions between E and the 3ЈRR in B cells (20, 21) . Several observations support hs4 being a candidate for such interaction: hs4 is the first acting 3Ј IgH enhancer during B cell development (5), hs3a and hs1,2 were deleted in the 70Z/3 pre-B cell line without affecting expression (22) , and hs4 location at the 3Ј end of the IgH regulatory region and outside the palindrome does allow such a long-range interaction with E (3).
During the past decade, the pgk-neo cassette has been inserted at various sites within the C H locus (12, 23, 24) . Taken together, these results indicated that such insertions inhibited CSR to upstream, but not to downstream, C H genes. This suggests the idea that the pgk-neo cassette insertion into the locus short-circuits the ability of the 3ЈRR to facilitate CSR of dependent C H genes upstream of the insertion (25) . Mice exhibiting a pgk-neo cassette targeted 2 kb downstream of the hs4 element had normal serum Ig levels and normal class switching after B cell activation (25) . The authors thus suggested that key elements of the 3ЈRR lie within the 17-kb region between hs1,2 and 2 kb downstream of hs4. Our results reveal that insertion of the neo gene at the position of hs4 had no effect on CSR and Ig synthesis.
In conclusion, hs4-deficient mice show that, despite several previous experimental studies, the proposed role of hs4 in driving IgH gene transcription and CSR can be largely overcome by the activity of the remaining enhancers located within the locus.
